Introduction
Thermoelectric (TE) energy conversion is one of the cleanest and environmentally compatible power generation technologies because unused heat sources are readily available, e.g. electric power plants, industrial factories, automobiles, and computers, and can be directly converted into electric power by utilizing the Seebeck effect of a thermoelectric material.
1) The performance of TE materials is generally characterized by the dimensionless figure of merit ZT ¼ S 2 T=, where S, , T, and are the Seebeck coefficient, electrical conductivity, absolute temperature and thermal conductivity, respectively. ZT corresponds to the energy conversion efficiency of a Carnot cycle.
Recently, p-type layered cobalt oxides including Na x CoO 2 (x ¼ 0:3 $ 1), 2,3) Sr x CoO 2 (x $ 0:35) 4, 5) and Ca 3 Co 4 O 9 , [6] [7] [8] have attracted much attention toward the realization of oxide TE devices because of their good TE performance and advantages over state-of-the-art, high temperature TE materials, including a SiGe-based alloy 9) and -FeSi 2 , 10, 11) in terms of chemical and thermal resistances at high-temperatures ($ 1000 K) and low toxicity. Among the layered cobalt oxides, Ca 3 Co 4 O 9 is regarded as a most promising material since it can exhibit good thermal stability at 1000 K in air. Therefore, intensive studies have been made in TE properties of Ca 3 Co 4 O 9 to date with bulk single crystalline and polycrystalline forms. [6] [7] [8] [12] [13] [14] The film is more favorable for practical TE applications. In particular, a high-quality epitaxial film can provide high-performance as TE device because high-quality epitaxial films can exhibit intrinsic electrical properties as bulk single crystal. Moreover, a highquality epitaxial film is also useful to clarify some of relevant TE properties, such as Hall coefficient, of Ca 3 Co 4 O 9 .
Very recently, we have developed a process for fabricating a high-quality epitaxial film of Ca Figure 1(a) illustrates the crystal structure of Ca 3 Co 4 O 9 together with that of A x CoO 2 (A ¼ Na, Ca etc.). Both crystals have the layered structure composed of the same CoO 2 À layers. Thus, we have succeeded in fabricating high-quality epitaxial films of Ca 3 Co 4 O 9 by the topotactic ion-exchange method using the Na 0:8 CoO 2 epitaxial film as a precursor ( Fig. 1(b) ). The fabricated Ca 3 Co 4 O 9 epitaxial film exhibited the high electrical conductivity, which was larger than any other value reported, below 300 K due to the enhanced carrier mobility.
From the viewpoint of the practical TE application, it is essential to clarify thermoelectric properties of the Ca 3 Co 4 O 9 eptaxial film at high temperature ($ 1000 K). Here we report the thermoelectric properties of high-quality Ca 3 Co 4 O 9 epitaxial films over the temperature range 10-1000 K. The Ca 3 Co 4 O 9 epitaxial film exhibited good thermal stability at 1000 K in air and a high thermoelectric performance, which was comparable to that of conventional p-type high temperature TE materials.
Experimental
The Ca 3 Co 4 O 9 epitaxial films were fabricated by the topotactic ion-exchange method 15) using Na x CoO 2 epitaxial film, grown by reactive solid-phase epitaxy (R-SPE) method, 17, 18) as a precursor (see Fig. 1 (b)).
Step 1: High-quality epitaxial films of Na x CoO 2 (x $ 0:8) were grown on (0001)-face of -Al 2 O 3 substrates by the R-SPE method and they
The Thermoelectrics Society of Japan were used as a precursor for the following ion-exchange treatment. The details of the R-SPE for the preparation of Na 0:8 CoO 2 epitaxial films have been described elsewhere. 19, 20) Step 2: The Na 0:8 CoO 2 film was heated together with Ca(NO 3 ) 2 powder at 300 C in air for 5 h to exchange Na þ ions with Ca 2þ ions. After that, the film was washed with distilled water for several times to remove excess Ca(NO 3 ) 2 powder attached to the film. The chemical composition ratio of Ca: Co: Na in the ion-exchanged film was evaluated to be 0:32 : 1:0 : 0:01 by X-ray fluorescence (XRF, ZSX 100e, Rigaku Co.) analysis.
Step 3: Finally, the Ca 0:32 CoO 2 film was again heated with Ca(OH) 2 powder at 800 C for 1 h in air to further incorporate Ca 2þ -ions into the film and convert to Ca 3 Co 4 O 9 .
The crystalline quality, orientation and thickness of the films were evaluated by high-resolution X-ray diffraction (HR-XRD), cross-sectional high-resolution transmission electron microscopy (HREM), and atomic force microscopy (AFM). HR-XRD measurements were conducted using a thin film X-ray diffractometer (ATX-G, Rigaku Co.). HREM observations were performed using a JEOL JEM-3000F high resolution electron microscope operating at 300 kV (JEOL. Co., Tokyo, Japan.). AFM measurements were performed at room temperature with a Seiko Instruments SPI-3800N probe system. The electrical resistivity (), Hall coefficient (R H ), carrier concentration (n), and Hall mobility ( Hall ) of the films were measured by dc four-probe method in the van der Pauw configuration, and Seebeck coefficient (S) of the films was measured by a conventional steady state method over the temperature range 10-1000 K. Step 1: The reactive solid-phase epitaxy method for Na 0:8 CoO 2 epitaxial film growth.
Results and Discussion
Step 2: Ca 2þ -ion exchange treatment of the Na 0:8 CoO 2 film.
Step 3: Topotactic conversion into epitaxial Ca 3 Co 4 O 9 . 16) suggesting that the crystalline lattice of Ca 3 Co 4 O 9 in the film had little distortion, most likely because the amorphous layer negated the lattice mismatch between the film and substrate. Figure 2(b) shows topographic AFM image of the Ca 3 Co 4 O 9 epitaxial film. A stepped and terraced structure composed of several square-shaped domains ($1 mm 2 ) was clearly seen, reflecting the crystal symmetry of Ca 3 Co 4 O 9 (monoclinic), and the step increment was approximately 3 nm. These results of HREM, HR-XRD and AFM measurements indicate that high-quality Ca 3 Co 4 O 9 epitaxial film was successfully fabricated by the topotactic ion-exchange method using Na 0:8 CoO 2 epitaxial film as a precursor. Figure 3 summarizes temperature dependence of (a) , (b) R H , and (c) S for the Ca 3 Co 4 O 9 epitaxial film (thickness: 98 nm), which were taken in air (300-1000 K) or vacuum ($10 À3 Pa, T < 300 K). [Note: Although the decreasing oxygen content in Ca 3 Co 4 O 9 has been observed above $ 700 K in Po 2 < 10 5 Pa, 21) such behavior was not observed in the Ca 3 Co 4 O 9 epitaxial film. We obtained very reliable data below 1000 K as shown in the inset of (a).] The À T curve (a) shows typical metallic behavior of the film. It should be noted that several transition of À T curve is observed at around 70 K and 600 K. Corresponding transitions are also observed in R H À T curve (b). Further, transition of S À T curve is seen at around 400 K (c). As reported by Sugiyama et al., 22) the spin density wave is observed in Ca 3 Co 4 O 9 below 100 K. Further, spin state transition of Co ion from low-spin to intermediate-and/or high-spin occurs above $400 K. 22) Thus, the observed transitions at 70 K and 600 K may be assigned as formation of the spin density wave and the spin state transition, respectively.
In Table 1 , TE parameters of Ca 3 Co 4 O 9 at 1000 K are compared with those of p-type Si 0:7 Ge 0:3 9) andFe 1Àx Mn x Si 2 (x ¼ 0:06), 10) which are conventional p-type high temperature TE materials. The Ca 3 Co 4 O 9 epitaxial film exhibits a low value of 4:0 Â 10 À3 cm, which is much lower than those of the polycrystalline materials ($ 1 Â 10 À2 cm) 12, 13) and comparable to those of single crystals, [6] [7] [8] 14) and a large S value of $þ200 mV K À1 , reasonably agreeing with the reported values in bulk samples, [6] [7] [8] [12] [13] [14] at 1000 K. The high TE properties may be attributed to the larger carrier mobility resulting most likely from the high crystal quality of the film.
15) The values of n and Hall of the Ca 3 Co 4 O 9 film were 2:0 Â 10 21 cm À3 and 0.8 cm 2 V À1 s À1 , respectively, at 1000 K. From S and values, the power factor (S 2 À1 ) of the Ca 3 Co 4 O 9 epitaxial film was evaluated to be 1:0 Â 10 À3 Wm À1 K À2 at 1000 K. These thermoelectric parameters of the film were comparable to those of conventional p-type high temperature TE materials, indicating that the Ca 3 Co 4 O 9 epitaxial film fabricated by topotactic ionexchange method can be a promising candidate to develop thin film TE devices drivable at high-temperature ($ 1000 K). For a real TE application, it is necessary to investigate the thermal conductivity () of the film. Although we didn't measure in the present study due to the difficulty in measuring of the film, the low could be expected because the reported in Ca 3 Co 4 O 9 bulk single crystal (
is as low as that of p-type Si 0:7 Ge 0:
11) Fig. 3 Temperature dependence of (a) electrical resistivity, , (b) Hall coefficient, R H , and (c) Seebeck coefficient, S for the Ca 3 Co 4 O 9 epitaxial film (98-nm-thick) over the temperature range 10-1000 K. The temperature dependence of in the case of cooling the film from 1000 K is also shown in the inset of (a). 
Conclusion
Thermoelectric properties of Ca 3 Co 4 O 9 epitaxial film fabricated on (0001)-face of -Al 2 O 3 substrate by the topotactic ion-exchange method were examined over the temperature range 10-1000 K. The Ca 3 Co 4 O 9 epitaxial film exhibited good thermal stability and a high thermoelectric performance of ¼ 4:0 Â 10 À3 cm and S $ þ200 mV K À1 , leading to the thermoelectric power factor of 1:0 Â 10 À3 W m À1 K À2 , at 1000 K in air. These thermoelectric parameters were comparable to those of conventional p-type high temperature TE materials such as p-type Si 0:7 Ge 0:3 and -FeSi 2 , indicating that the Ca 3 Co 4 O 9 epitaxial film fabricated by topotactic ion-exchange method can be a promising candidate to develop thin film TE devices drivable at hightemperature ($ 1000 K).
